ABSTRACT This paper investigates the problem of finite-time H ∞ filtering for uncertain discrete-time Markovian jump systems. The parameter uncertainties in the dynamic systems are modeled to satisfy the norm-bounded condition. The transition probabilities are assumed to be time-varying and described as convex polyhedron. Based on the stochastic finite-time bounded analysis and linear matrix inequality technique, an H ∞ filter is designed and sufficient criteria are established, which guarantee the filtering error system to be finite-time bounded in H ∞ sense. Two examples are presented to demonstrate the usefulness and applicability of the proposed method.
I. INTRODUCTION
Filtering problem plays a significant role in control field and has received much attention in last decades. Due to the fact that the H ∞ filtering does not need to know the statistical information of the external noise and more robustness than Kalman filtering, many appealing results on the H ∞ filtering have been reported [1] - [6] . For instance, in [1] , based on the fuzzy model, a new nonsynchronous H ∞ filter was designed to reduce the communication burden of the systems. In [3] , inspired by the event-triggered scheme, an efficiently H ∞ filter was proposed to deal with the problem of package losses. An H ∞ filtering problem for uncertain discrete-time linear systems was analyzed in [4] .
On the other hand, in practical engineering problems, dynamic systems may suffer unpredictable changes induced by environmental disturbances, failures or maintenances of the components and other factors. As an important type of hybrid systems to describe such situations, Markovian jump systems (MJSs) have received extensively attention over the past decades. Therefore, studying the MJSs problem is meaningful. Some excellent results have been derived, such as stochastic stability [7] - [10] , output-feedback control [11] , [12] , fault detection [13] , [14] , reliable dissipative control [15] , sliding mode control [16] , [17] and so on. It is noteworthy that most of the aforementioned conclusions are obtained under the assumption of the time-invariant transition probabilities (TPs), such type of MJSs are called as homogeneous MJSs. However, the TPs may be time-varying in many reality applications, which mean that the corresponding MJSs are nonhomogeneous. More recently, a great deal of effort has been made to the nonhomogeneous MJSs in [18] - [25] . To mention a few, by employing Takagi-Sugeno fuzzy approach, the authors in [22] investigated the fault detection filtering problem for discrete-time nonhomogeneous MJSs with partially unknown TPs. In [23] , the authors studied the H ∞ filtering issue for continue-time nonhomogeneous MJSs with randomly occurring uncertainties. It should be pointed out that, the homogeneous MJSs can be considered as a special kind of the nonhomogeneous ones. Consequently, the filtering problem for nonhomogeneous MJSs is more general and applicable than the homogeneous one.
Furthermore, it is well known that the traditional Lyapunov method can effectively tackle the state convergence performance of dynamical systems over an infinite-time period. In some practical engineering applications, however, it is only required that the system transient behavior stays within a given threshold. Therefore, the concept of finite-time stability was derived and many fruitful results have been reported [26] - [34] . For example, the reliable finite-time H ∞ filtering problem for MJSs with time-varying delay and randomly occurring nonlinearities was studied in [26] . In [28] , a novel sufficient condition of filtering was proposed such that the system trajectories stayed within a certain bound in a specified time interval. Zhang et al. [29] discussed the resilient finite-time H ∞ control issue for nonlinear systems with Markovian jump parameters. To guarantee the stochastic finite-time boundedness performance, an unbiased H ∞ filtering was provided in [32] for a class of discrete-time MJSs with time delay. However, to the best of our knowledge, the finite-time H ∞ filtering for discrete-time MJSs with nonhomogeneous processes and uncertainties has not been fully studied yet, which inspired the current study. This paper deals with the H ∞ filtering issue for a class of nonhomogeneous MJSs over a finite-time period. To be more precise, the TPs of MJSs are time-varying and are described as convex polyhedron, while the uncertainties are supposed to be norm-bounded. The main contributions of this paper are listed as follows.
1) The considered nonhomogeneous MJSs in this paper are more general than the homogeneous ones [7] , [26] , since the latter can be regarded as a special case of the proposed method. 2) By employing the stochastic finite-time bounded analysis and LMI technique, a filter is designed and sufficient conditions are derived such that the filter error system is finite-time bounded with an H ∞ attenuation performance. 3) A pulse-width-modulation driven boost converter is exploited to demonstrate the applicability of the proposed theoretical methodology. This paper is arranged as follows. In Section 2, the problem description is given. In Section 3, the finite-time filtering analysis and design problem of the nonhomogeneous MJSs are addressed. Numerical examples and conclusion are, respectively, presented in Sections 4 and 5.
Notations: Throughout this paper, R n represents the n-dimensional Euclidean space. E{X } denotes the expectation of X . * represents symmetric terms. For a real matrix Y , Y > 0 means that Y is positive definite and symmetric. The nonnegative integers set is denoted by Z + . Y −1 and Y T , respectively, mean the inverse and transposition of matrix Y . λ max (Y ) (respectively, λ min (Y )) stand for the maximum (respectively, minimum) eigenvalues of matrix Y . 0 is the zero matrix. The notation diag{· · · } represents for the block-diagonal matrix. I means the identity matrix. Matrices, without explicitly stated, are assumed to have appropriate dimensions.
II. PROBLEM DESCRIPTION
Consider the system model as follows:
where x(k) ∈ R n x is the system state, y(k) ∈ R n y denotes the measurement output, z(k) ∈ R n z stands for the estimated
The process {r k , k ≥ 0} is the concerned discrete-time nonhomogeneous Markov chain taking values in state-space = {1, . . . , ν}. (k) = {π ij (k)} is the time-varying TP matrix given as π ij (k) = Pr(r k+1 = j|r k = i), i, j ∈ and satisfies π ij (k) ≥ 0 and ν j=1 π ij (k) = 1. Furthermore, (k) belongs to the following polytope structure:
where s = {π s ij } are vertices with s = 1, · · · , w, and w denotes the number of selected vertices of (k).
Uncertainties A (r k , k) and B (r k , k) represent the norm-bounded parameter uncertainties with the following forms:
, and F i,k , respectively. Associated to system (1), a full order mode-dependent filter is considered as follows:
where
are filter gains to be determined. Connecting the filter (3) to the system (1), the filter error system satisfies:
wherē
To proceed further, some lemmas and definitions are given. Lemma 1 [35] : Let matrices S, M , F, and N be of compatible dimensions. Assume that F satisfies F T F ≤ I . Then, for a scalar θ > 0, it holds that:
Definition 1 [27] : (Stochastic finite-time stability (SFTS)). System (4) (with w(k) = 0) is said to be SFTS with respect
where 0 < δ < , R i > 0 and N ∈ Z + . Definition 2 [27] : (Stochastic finite-time bounded (SFTB)). System (4) is said to be SFTB with respect to (δ, , R i , N , d), if it is SFTS for any nonzero w(k) satisfying (2), where 0 < δ < , R i > 0 and N ∈ Z + .
Definition 3 [27] : System (4) is said to be SFTB with an
for any nonzero w(k) which satisfies (2), where 0 < δ < , N ∈ Z + , R i > 0 and γ > 0.
III. MAIN RESULTS

A. FINITE-TIME H ∞ FILTERING ANALYSIS
In this subsection, sufficient conditions for SFTB of the error system (4) are presented, which are essential of the subsequent results. Theorem 1: System (4) is SFTB with respect to
hold, wherê
Proof: Consider the Lyapunov-Krasovskii functional as
Then, we have
Condition (5) is established, which implies that
Noting that µ ≥ 1, one has
DenotingP
, and applying the condition that E x T (0)R ix (0) ≤ δ 2 , it yields that
Moreover,
According to (9)−(11), one has
From condition (6) , it follows that E{x T (k) R ix (k)} < 2 , ∀k ∈ {1, 2, ..., N }. The proof is finished. Theorem 2: System (4) is SFTB with respect to (δ, , R i , N , d, γ ) and satisfies the H ∞ performance, if there exist scalars µ ≥ 1 and γ > 0, and matricesP si > 0,
hold, whereP sqi andP si are the same as Theorem 1.
Proof: Follow the same line as before and denote
By applying the similar techniques in Theorem 1, we obtain
Furthermore, according to the inequality (P sqi − G i ) P
Defineh sq = diag G −T iP sqi , I , I , I . Then, performing a congruence transformation withh sq , we have 
Multiplying (18) by the adequate coefficients and adding the resulting inequalities, after using Schur complement, we obtain that sqi < 0, which means that
Under zero initial condition, V (k) ≥ 0, then we obtain
Due to µ ≥ 1, it follows from (21) that
The proof is completed.
Remark 1: In order to eliminate the cross coupling among system matrices and Lyapunov matrices, we have introduced the slack matrices G i in Theorem 2, which were developed in [4] .
B. FINITE-TIME H ∞ FILTER DESIGN
Theorem 2 above presents the sufficient conditions in term of LMI, our aim in this subsection is to design the filter parameters of (3).
Theorem 3: System (4) is SFTB with respect to (δ, , R i , N , d, γ ) and has an H ∞ performance index, if there exist matrices G i ,P si > 0 andP sqi > 0, and scalars µ ≥ 1 and γ > 0, such that (23)- (25), as shown at the top of this page hold, where
Furthermore, the desired filter parameters are given as follows:
Proof: Inequality (13) can be rewritten as
Based on Lemma 1 and (27), there exists a scalar θ i > 0, such that
In view of the Schur complement, one has (29), as shown at the bottom of this page. In addition, set
where G 2i is nonsingular. Substituting (30) 
From (31), we have a sufficient condition (25) to guarantee (14) . This completes the proof. Remark 2: Obviously, if we set w s=1 α s (k) s = , the issue of finite-time H ∞ filtering for discrete-time nonhomogeneous MJSs investigated in this paper reduces to finitetime H ∞ filtering for discrete-time MJSs studied in [27] . Therefore, the issue addressed in this paper is more general and reasonable.
Remark 3: Recently, by employing Lyapunov asymptotic stability (LAS) theory, the authors in [18] considered the filtering problem for uncertain discrete-time nonhomogeneous MJSs, while our paper addressed the finite-time H ∞ filtering problem for nonhomogeneous MJSs with external disturbance and parameter uncertainties. It is important to highlight that, LAS and SFTS are totally different concepts,
VOLUME 6, 2018 a system can be SFTS but not LAS, and vice versa. Therefore, our work is much different from [18] .
IV. NUMERICAL EXAMPLES
To illustrate the effectiveness and applicability of the proposed results in this paper, two examples are used in this section. The main purpose of this paper is to design a finitetime filter for nonhomogeneous MJSs. Example 1: It is supposed that system (1) with normbounded uncertainties has two modes, and the related coefficient matrices are described as Mode 1:
Mode 2: The trajectory of x T (k)R ix (k) is displayed in Fig. 1 . From Fig. 1 we can see that the trajectories of filtering error system (4) do not exceed the upper bound min = 3.0757, which indicates that the filtering error system (4) is SFTB. On the other hand, the output signals z(k) and z f (k) are depicted in Fig. 2 , which shows the feasibility of the designed filter.
Example 2: To illustrate the applicability of the presented approach, in this example, a pulse-width-modulation (PWM)-driven boost converter [36] , [37] in Fig. 3 is considered. The switching signal s(t) is supposed to be subject to a nonhomogeneous Markov chain and is controlled by a PWM device. e S (t) denotes the source voltage. L stands for the inductance, R represents the load resistance, C is the capacitance. It is 52566 VOLUME 6, 2018 easy to obtain the equations for boost converter:
and
By setting a certain sampling time T s = T /10 and applying some techniques, we have the following system matrices (for details concerning the modeling, please see [36] ): Fig. 4 shows the trajectory of x T (k)R ix (k). Clearly, the history of x T (k)R ix (k) < 28.9279, which indicates that system (4) is SFTB. Fig. 5 plots the output signals z(k) and z f (k), which implies the effectiveness and applicability of the developed filter design method.
V. CONCLUSION
This paper has dealt with the problem of finite-time H ∞ filtering for a class of discrete-time MJSs with nonhomogeneous processes and uncertainties. Such nonhomogeneous VOLUME 6, 2018 processes of MJSs have been modelled by a polytope. An H ∞ filter has been designed and LMI-based sufficient criteria have been derived such that the filtering error system is SFTB with an H ∞ performance. The effectiveness and applicability of the developed theoretical results have been demonstrated by two examples. In future work, we will focus on the eventtriggered finite-time H ∞ filtering issue for nonhomogeneous MJSs with time-vary delays [38] , [39] . XIAOBIN He is currently a Professor with the School of Automation, Guangdong University of Technology, Guangzhou. His current research interests include intelligent control, integrated circuit, system-on-chip design, computer aided design, electronic design automation, computer algorithms, graph theory, and computational geometry. VOLUME 6, 2018 
